Monitoring programs conducted by the French
Research Institute for the Exploitation of the Sea IFREMER have been using the mussel watch approach introduced by Goldberg [1] since 1974, initially on wild and cultured bivalve mollusks [2] , leading to long time data series for several trace elements (TEs: Ag, Cd, Cr, Cu, Hg, Ni, Pb, V and Zn; http://envlit.ifremer.fr/). Since 1996, transplanted caged Mytilus galloprovincialis Lamarck, 1819 have been used to characterize the chemical contamination of Mediterranean coastal waters even in locations where no native wild mussels were available. This project succeeded in assessing the natural background and the extent of the chemical contamination first at the scale of the French Mediterranean littoral [3, 4] , and more recently at the scale of the whole western Mediterranean Sea [5, 6] . However, these programs have focussed on a limited number of metals. Nowadays, the development of very sensitive equipment allows the measurement of some TEs found at very low environmental levels. In parallel, recent technological developments have led to an increase in the extraction and industrial refinement of TEs previously of little concern. Therefore, the environmental monitoring of less studied, potentially toxic TEs of emerging environmental concern is relevant [7]. From data previously published by richir & Gobert [7] , the first objective of this short note was to discuss the bioaccumulation profile of 19 TEs that have been either broadly (Cr, Ni, Cu, Zn, Cd, Pb, As, Ag and V) or little monitored (Be, Al, Fe, Mn, Co, Se, Mo, Sn, Sb and Bi) in the Mediterranean mussel M. galloprovincialis. The second objective was to test the relevance of the Trace Element Pollution Index of richir & Gobert [8] when modelling the effect of the shell length and flesh dry weight on the overall accumulation of these 19 TEs in ropegrown mussels. Because of the importance of gametogenesis in the physiological cycle of M. galloprovincialis, the third objective was to briefly discuss the deterministic effect of the sex and the reproductive status on the overall TE bioaccumulation and the TE-specific compartmentalization in that species.
Briefly, to realise these three objectives, M. galloprovincialis were purchased from the shellfish farm of the Diane pond on the eastern coast of Corsica, France (42°07'45.00''N, 9 • 31'01.00''E), in March 2010 (after mussel spawning) and February 2011 (before mussel spawning). Seventy four mussels sampled in February 2011 were used to investigate the bioaccumulation of the 19 TEs listed above. These 74 mussels were further segregated according to their sex to study differences between male and female TE bioaccumulation prior to spawning. Forty supplementary large-size (70-80 mm shell length) mussels purchased in March 2010 (n = 20) and February 2011 (n = 20) were used for the analysis of body compartmentalization after and before spawning, respectively, at one-year interval. Body compartments were sorted as follows: gills, hepatopancreas, mantle and remaining soft tissues. TE levels were determined by ICP-MS (ICP-MS ELAN DRC II, PerkinElmer ® ) after mineralization in a closed microwave digestion labstation (Ethos D, Milstone Inc.), using HNO 3 and H 2 O 2 as reagents (Suprapur grade, Merck). Analytical accuracy was checked by analysing Certified Reference Materials: BCR 278, NIST 1566b and NIST 2976. The global mean recovery, all elements together, was 95 ± 9 %. For each TE, the analytical detection limit (L D ) was calculated according to currie [9] or Grinzaid et al. [10] .
The Trace Element Pollution Index (TEPI) of richir & Gobert [8] , which synthetizes the accumulated levels (concentrations or contents) of all the studied TEs into a single index value, was calculated for each of the 74 mussels sampled in February 2011 as follows: TEPI = (Cf 1 * Cf 2 … Cf n ) 1/n , where Cf n is the mean normalized concentration or content of the TE n of a given mussel [11, 12] . The log-transformed power function: log 10 Y = log 10 a + blog 10 X, and the linear regression: Y = bX + a, were tested to model the relationships between the 74 mussel flesh dry weight (X; from 0.17 to 3.36 g) or shell length (X; from 43.40 to 86.41 mm) and TEPI values (Y) [13, 14, 15] . b is the slope of linear functions; log 10 a and a are the Y-intercepts. To select the most adequate model that best described these relationships, the second order Akaike information criterion (AICc) was used [16] . Statistical analyses were performed with STATISTICA 10 (Stat-Soft Inc.) and GraphPad Prism 5 (GraphPad Software Inc.) software.
Results showed that rope-grown M. galloprovincialis from the Diane pond efficiently bioaccumulated the 10 little monitored TEs (Be, Al, Fe, Mn, Co, Se, Mo, Sn, Sb, Bi) in addition to the 9 TEs classically monitored (Cr, Ni, Cu, Zn, Cd, Pb, As, Ag and V) in that species (Table 1) . Comparative graphs ordering TEs either broadly or little monitored in M. galloprovincialis by decreasing order of concentrations are given in Fig. 1 . Concentrations ranged from 10 -3 µg g DW -1 for Bi to 10 2 µg g DW -1 for Al and Fe (Table 1 ; Fig. 1 ). Essential TEs classically monitored such as Zn, Cu, Ni and Cr appeared to be preferentially accumulated unlike non-essential toxic TEs such as Cd, Pb and Ag (Fig. 1a ) [17] . With regard to As, this TE was reported to be naturally more bioaccumulated in M. galloprovincialis [3] , mostly as organicated nontoxic species [18, 19] . The mean V concentration was relatively high compared to data reported by the IFREMER (http://envlit.ifremer.fr/) for the Diane pond and could thus reflect a temporary moderate contamination of the pond by that specific element [7] . Bioaccumulation of TEs little monitored in M. galloprovincialis showed a similar graphic profile ( Fig. 1b ) to the previous one. Environmentally abundant and/or essential TEs such Fe, Al, Mo, Mn, Se and Co were bioaccumulated in a more important way, while concentrations of non-essential and potentially toxic Sn, Be, Sb and Bi remained low to very low [17] . The Diane pond has previously been considered little contaminated by TEs [7] ; Fig. 1 thus presents the natural aptitude of rope-grown M. galloprovincialis to bioaccumulate TEs in clean environmental conditions. Although essential TEs appeared to be preferentially accumulated, unlike non-essential toxic ones, there is currently little physiological evidence about this preferential accumulation of essential versus other elements [20, 21] .
The overall concentration of the 19 studied TEs in mussel flesh, synthetized as TEPI values, decreased when the mussel flesh dry weight increased ( Fig. 2a ); their overall flesh content increased when the mussel shell length increased ( Fig. 2b ). According to AICc values, the relationships between the overall TE concentration of the 74 mussels, without size restriction, and their body dry weight, or between the overall TE content and the mussel shell length, were better modelled by the power function ( Fig. 2a ; Table 2a ; AICc value of 93.08%) or the linear regression ( Fig. 2b ; Table 2b ; AICc value of 96.47%), respectively. In contrast, the relationship between the overall TE content and the mussel shell length was properly modelled by both the linear regression and the power function when only individuals larger than 55 mm were considered (Table 2b ; AICc values of 47.90% and 52.10%). Small-size mussels (< 55 mm) thus had an antagonistic effect on the modelling of the overall TE bioaccumulation in rope-grown M. galloprovincialis: they led us to elect the linear regression to model the relationship between the mussel size and their overall TE content (AICc value rising from 47.90% to 96.47%), but sensibly diminished the significance of the power function modelling the relationship between the mussel flesh dry weight and their overall TE concentration (AICc value decreasing from 98.83% to 93.08%). These results corroborate the observations of richir & Gobert [7] made for each TE considered separately and support ) in rope-grown Mytilus galloprovincialis purchased before they spawned, and Trace Element Pollution Index (TEPI) values (no unit) calculated from mean normalized concentrations of the 19 studied TEs. TE concentrations and TEPI values are given for all mussels together, independently of their size or sex, for mussels sorted by size-class (cl. 1 to cl. 4) and for mussels sorted by sex. Numbers between brackets are numbers of mussels. Letters represent significant differences (p < 0.05) between size-classes; * represent significant differences (p < 0.05) between sexes. Concentration data used to calculate TEPI values are from richir & Gobert [7] . All mussels (74) the relevance of the TEPI to model, in a reduced number of synthesis equations, the relationships between the overall levels of bioaccumulated contaminants and the physiology of organisms.
Mussels sorted by size-class
The same was concluded when modelling the relationship between the shell length and the overall TE concentration of the 19 studied TEs in mussel flesh. Thus, the overall TE concentration in mussel flesh was linearly correlated (p = 0.0002) with the shell length when considering all the 74 mussels, without size restriction (Fig. 3 ). This significant relationship was to be attributed mainly to small-size mussels (43-54 mm) whose TE-specific and overall mean concentrations were always higher than for the mid-size individuals (55-64 mm and 65-74 mm), except for Mo, As and Cd (Table 1) . Small-size mussels further showed a high inter-individual variability of their TE concentrations. These observations reflected unfavourable physical conditions of growth of small-size mussels found inside the rope [7] . When the linear regression model was run again for mussels larger than 55 mm only, the overall TE concentration in mussel flesh was no longer correlated (p = 0.1085) with the shell length ( Fig. 3) . For mid-to large-size M. galloprovincialis grown on ropes, the size did not significantly influence flesh concentrations of most TEs, although they were slightly lower on average in individuals larger than 75 mm ( Table 1) . As their culture begins synchronically, all mussels on a rope have the same age, but may differ in size according to individual growing conditions [14] . Thus, when sorting mussels for monitoring purposes, care should be taken to use neither small-(restrained growth and concentration effect) nor large-size (rapid growth and dilution effect) mussels, these individuals being not representative of the rope population [7] .
Female and male mussels accumulated TEs unevenly during gametogenesis. As a result, mean TE concentrations in mussel dry flesh sampled prior to spawning differed significantly (p < 0.05) between sexes and were higher in females (from 3% for Al up to 74% for Cu, except for Be), for an overall difference (i.e. TEPI values) of 25% (Table 1) . This different accumulation between individuals of opposite sexes resulted in the linear regression with slope still close to the significance threshold level of 0.05 when modelling the relationship between the shell length of mussels larger than 55 mm and their overall TE concentration (p = 0.1085; Fig. 3 ). The sex-related bioaccumulation of TEs during gametogenesis could depend on a functional role played by metallothioneins (MTs), as already suggested by Latouche & mix [22] in the early 80s and supported by several subsequent experimental and field studies [23, 24, 25] .
In M. galloprovincialis, up to 45 % of soft tissue weight can be lost during spawning [8] .
Despite the importance of gametogenesis in the physiological cycle of M. galloprovincialis, the proportional distribution of TEs between main body compartments analysed respectively a few days before or after spawning, at one-year interval, remained the same: the 19 studied TEs were more accumulated in the hepatopancreas compared to the mantle and the gills (except for Mo in mussel having spawned), and only Zn, Se, Cd (at both reproductive states) and Mn (in mussels close to spawning) showed higher contents in the remaining soft tissues of mussels ( Fig. 4 ). This very conservative character of TE compartmentalization (physiological and temporal constancy) is an argument in favour of some internal regulation of TE redistribution processes between organs [20, 21] , in addition to passive diffusion processes according to concentration gradients and tissue affinities.
To conclude, little monitored TEs as well as broadly monitored ones were efficiently bioaccumulated in rope-grown M. galloprovincialis, with a preferential accumulation for essential and abundant ones. The relevant use of the TEPI to model, in a reduced number of synthesis equations, the relationships between the overall levels of bioaccumulated contaminants and the physiology of organisms was described. The significant effect of the size of cultured mussels whose growth was above or below average on the accumulation of TEs in their flesh was pointed Fig. 3 -Linear regressions modelling the relationship between Mytilus galloprovincialis shell length and Trace Element Pollution Index (TEPI) values (no unit), calculated from mean normalized concentrations of the 19 studied trace elements (TEs), all mussels together (n = 74, shaded area included; full regression line) or restricted to mussels larger than 55 mm (n = 55, shaded area excluded; dashed regression line). Mussels were purchased before they spawned. ♀ and ♂ symbolize females and males, respectively. The dotted vertical lines separate mussels into 4 equivalent size-classes of about 10 mm. Model p-values (significant for all mussels together only) are given on the graph.
TABLE 2
Comparison of linear regressions and log transformed power functions modelling (a) relationships between Mytilus galloprovincialis soft tissue dry weight and Trace Element Pollution Index (TEPI) values, calculated from mean normalized concentrations of the 19 studied trace elements (TEs), and (b) relationships between mussel shell length and TEPI values, calculated from mean normalized contents of the 19 studied TEs. Modelling was applied for all mussels together (n = 74) or for individuals large than 55 mm only (n = 55). b is the slope of linear functions; a and log 10 a are the Y-intercepts. Fitting parameters are also indicated (r 2 ; p-value; deviation (dev.) from the model: s. = significant, n.s. = non-significant; AICc).
(a)
Relationships between the overall TE concentration and the mussel flesh dry weight linear regression log transformed power function all mussels mussels > 55 mm all mussels mussels > 55 mm (b) Relationships between the overall TE content and the mussel shell length linear regression log transformed power function all mussels mussels > 55 mm all mussels mussels > 55 mm b 0.0287 0. out, as was the effect of the sex of mussels close to spawning. Finally, the conservative character of TE compartmentalization regardless of the physiological status of sampled mussels, and their proportional redistribution between tissues, were suggested to rely on some internal regulatory processes that require further investigations.
